ABSTRACT: Climate-change-induced phenological changes in migratory birds are predicted from ecological theory and have been well-documented in temperate-zone breeding areas. By contrast, changes in arrival date on tropical wintering grounds have not been reported. To address this gap, we analysed birdwatchers' records of first arrival dates of 9 species of long-distance migratory birds in Singapore from 1987 to 2009. The study species included 1 raptor, 3 waders and 5 passerines. We compared the relative influence of year, Southern Oscillation Index and observer effort on arrival date. There was strong evidence for an arrival delay of approximately 2 d yr −1 (95% confidence intervals of 1−3 d) in Japanese sparrowhawk Accipiter gularis and curlew sandpiper Calidris ferruginea, but there was no change in arrival date for the other 7 species. We hypothesise that climate change is causing a shift in migration timing for some birds in Southeast Asia. A mechanism for the delay in these long-distance migrants may be that warmer temperatures enable species to remain on northern breeding grounds longer. Delayed arrival on the wintering grounds may have cascading effects on a migratory species' annual cycle, for example by influencing the arrival date at the breeding grounds, which can impact fitness. These potential impacts underscore the need for further work on the effects of climate change on migratory species in the tropics.
INTRODUCTION
Changes in phenology are among the best-documented and most consistently observed impacts of climate change on animals (Lehikoinen & Sparks 2010) . For migratory birds, it is well established that spring arrival dates on the European and North American breeding grounds are advancing (reviewed by Lehikoinen & Sparks 2010 , Knudsen et al. 2011 ), but responses are expected to vary regionally (Askeyev et al. 2010 ). Long-distance migrants are often thought to have endogenous control of migration timing because they are unaware of weather conditions where they are headed (Gwinner 1996) , while shortdistance migrants may be more flexible in their capacity to alter migration timing based on their perception of regional weather conditions, especially if they migrate slowly (Hötker 2002 , Hurlbert & Liang 2012 . Nonetheless, a recent review found no consistent differences in spring arrival changes between short-and long-distance migrants (Knudsen et al. 2011) .
Autumn departure and passage are less studied than spring arrival, and there is much variation in changes in autumn departure and passage over time, with no clear trend of advances or delays (Thorup et al. 2007 , Lehikoinen & Sparks 2010 ). Several northtemperate studies found that long-distance passerines have advanced their autumn departure (Cotton 2003 , Jenni & Kéry 2003 , Péron et al. 2007 , Van Buskirk et al. 2009 ), while short-distance migrants have delayed departure (Jenni & Kéry 2003 , Van Buskirk et al. 2009 ). Advances of long-distance migrants could be related to advances in the overall annual cycle associated with earlier spring arrival (Gilyazov & Sparks 2002 , Lehikoinen et al. 2004 , Lehikoinen & Sparks 2010 ; but see Thorup et al. 2007 , Van Buskirk et al. 2009 ). Other north-temperate passerine studies have found general delays in autumn passage in short- (Smith & Paton 2011 ) and long-distance migrants (Kovács et al. 2011 , 2012 , Smith & Paton 2011 , while still others have found more variation. For example, Tøttrup et al. (2006) found that migration distance was inversely proportional to earlier autumn departure in European passerines, and Mills (2005) studied passerines in Ontario, Canada, and found that 1 long-distance and 4 short-distance migrants delayed passage, while 2 long-distance species advanced it. In one of the most comprehensive multi-species studies, Sparks et al. (2007) found significantly delayed autumn departure in 15 species in 20 out of 67 time series that were at least 20 yr long.
The little research done on non-passerine autumn passage has also indicated variable changes. In studies of long-distance migrant waders in Central Europe, Adamík & Pietruszkova (2008) found that 3 species advanced and 3 delayed autumn passage, and Anthes (2004) found 3 species delayed autumn passage. Filippi-Codaccioni et al. (2010) found that 1 short-distance and 4 long-distance raptors advanced autumn passage, while Van Buskirk (2012) recorded autumn delays in 10 species and an advance in 1 species. The above variation in autumn passage is likely related to differing mechanisms behind changes among species (especially relating to life-history traits) and regions, but more research is required to better understand these patterns on a species-specific basis (Rubolini et al. 2007 , Møller et al. 2008 , Lehikoinen & Sparks 2010 , Végvári et al. 2010 .
Even less is known of how changes in autumn departure and passage in the northern hemisphere translate into changes in arrival on the wintering grounds. Studies with light-sensing geolocators have revealed that migrant departure date is correlated with arrival date on the wintering grounds, but individual birds vary in their rate of migration and time spent at stopover sites, so departure date is only a partial predictor of wintering grounds arrival date (Stutchbury et al. 2011 , Stanley et al. 2012 ). The few southern hemisphere analyses that have measured changes in time of arrival at wintering grounds found advances in 3 Siberian breeders in south-eastern Australia (Beaumont et al. 2006 ) and in 8 shortdistance migrants in southern Australia (Chambers 2005 , Smith & Smith 2012 , but no significant changes in timing of arrival for the long-distance migratory barn swallow Hirundo rustica in South Africa (Altwegg et al. 2012 ). In addition, Kok et al. (1991) presented first arrival dates for spotted flycatchers Muscicapa striata on their South African wintering grounds from 1950 to 1986, and it appears that arrival occurred later over time (J. B. C. Harris pers. obs.), but this observation was not tested by the authors.
Changes in arrival date on the tropical wintering grounds and passage through the tropics are unstudied, probably because of the paucity of long-term tropical datasets (Gordo 2007 , Lehikoinen & Sparks 2010 ). Yet, analyses from the tropics are urgently needed because hundreds of species make temperate-tropical journeys, and changes in timing can impact other stages in the annual cycle (Marra et al. 1998) . For example, late arrival on the wintering grounds may have negative consequences if species compete for non-breeding territories (Faaborg et al. 2010) , and birds that occupy poor wintering territories have been shown to arrive later on the breeding grounds which could force them into lower-quality territories, or to expend energy competing with earlier arrivals (Norris et al. 2004) .
We studied changes in first arrival date of 9 longdistance migrants, comprising passerines (Passeriformes), waders (Charadriiformes) and a raptor (Falconiformes), from 1987 to 2009 in Singapore, a natural bottleneck in the East Asian flyway with diverse habitats and a long history of birdwatching. Our study examined common, generalist species to evaluate whether any changes in migration timing were evident. Given that much of East Asia has warmed by > 0.2°C per decade since the 1960s (Solomon et al. 2007) , and that migration timing has been linked to temperature (Lehikoinen & Sparks 2010) , we hypothesised that some of our study species would change their migration phenology.
METHODS
First arrival dates came from birdwatchers' records that were verified by local experts and published monthly in the Singapore Bird Group's newsletter 'Singapore Avifauna' (Lim & Subaraj 1987 −1990 , 1992 , 1997 −2003 , 2006 , 2009 ). The 'Singapore Avifauna' data came from reports by skilled recreational birdwatchers. More birdwatchers tended to go into the field during migration and on weekends; approximately 5 to 30 observers went out each week during autumn passage from July to December (our study period). Difficult-to-detect species may require more time to be found, such as is available to birdwatchers on weekends, which can lead to biased reports of species occurrence -the 'weekend effect' (Sparks et al. 2007 (Sparks et al. , 2008 ; our focus on common, easily detectable species (see below) should minimize this potential bias (Ptaszyk et al. 2003 , Sparks et al. 2008 . All Singaporean sites known to host substantial numbers of migrants were visited by birdwatchers annually.
Full arrival distribution data are preferable to first arrival dates because the latter are an incomplete sample of the population (Sparks et al. 2001 , Tryjanowski et al. 2005 , Miller-Rushing et al. 2008 , Van Buskirk et al. 2009 , Lehikoinen & Sparks 2010 ), but first arrival dates are often the only data available, especially from poorly studied regions (Lehikoinen et al. 2004 , Beaumont et al. 2006 , Gordo & Doi 2012 . Compared to mean arrival dates, first arrival dates often suggest stronger shifts in migration timing that may be more variable geographically, but the sign of change is usually in the same direction as mean arrival dates (Rubolini et al. 2007 , Thorup et al. 2007 , Lehikoinen & Sparks 2010 .
Singapore was originally covered in lowland rainforest with mangroves and tidal flats on the coast. Over the past 200 yr, most forests were replaced with cropland and then urban development, while many coastal wetlands were filled in for urban and shipping development (Hails 1989 , Corlett 1992 . These changes caused extinctions of forest-dependent species, but the country still has a resident avifauna of 146 breeding species and is an important stopover and wintering site for migratory land and water birds, with at least 115 additional species recorded annually (Wells 1999 , Brook et al. 2003 , Lim 2009 , Lim & Lim 2009 ).
Our study species are common birds that were seen each year, and habitat generalists that should be weakly affected by deforestation (Lim & Lim 2009 , Wells 1999 . Habitat preferences of migratory birds on the Asian wintering grounds are poorly known, but all of our passerine and raptor study species are able to use a range of habitats and, for most, interior forest is probably not preferred (e.g. tiger shrike Lanius tigrinus; arctic warbler Phylloscopus borealis; Wells 2007) . There have been no water bird extirpations in Singapore, despite historic wetland conversion (Lim & Lim 2009 ). Most of Singapore's wetland loss occurred before our study period (Hails 1989 , Lim 2009 ). The small reduction in wetland habitat observed during our study period would not be expected to affect the arrival dates of waders because large areas of mudflats and wet grasslands still exist at sites such as Sungei Buloh, Mandai wetlands, Pulau Ubin, Changi North-Central, Jurong West and Punggol, and these same focal sites were visited by observers each year (Lim 2009 , Lim & Lim 2009 ). Highly skilled observers submitted observations to 'Singapore Avifauna' annually, so it is unlikely that changes in identification ability affected arrival dates (R. Subaraj pers. obs.).
Birdwatching effort and reporting in Singapore have varied over time (Wee 2006) , which could potentially confound our analysis. We accounted for this in the following ways. Firstly, Singapore bird experts among the co-authors (D.L.Y. and R.S.) removed records of post-breeding dispersal and very late 'first arrival' records (seen after migration) that were due to incomplete sampling. Our study species are common migrants, and all study species were seen each year (i.e. changes in population size had no effect on whether a species was recorded that year). Secondly, observer effort in each year was characterised, and only well-sampled years were analysed. We evaluated sampling coverage on an initial pool of 36 potential study species that had at least 8 years with reliable arrival dates (i.e. seen during migration). We made the a priori rule that a year was considered to be adequately sampled when a reliable arrival date was recorded for >15 of the 36 species, leaving 14 years from the 1987−2009 span for the analysis. We defined observer effort as the proportion of 36 bird species for which a reliable arrival date was available that year (Fig. 1) . This measure of observer effort was added as a predictor variable to the candidate model set (see this section below). As a final step, we chose to analyse only those species in the pool of 36 potential species with the best data (i.e. having time series of at least 13 years), which left 9 study species. Japanese sparrowhawk Accipiter gularis, common sandpiper Actitis hypoleucos, tiger shrike and Siberian blue robin Luscinia cyane had time series of 13 years; the remaining species had series of 14 years. All of our study species breed north of ca. 25° N, so we considered them to be longdistance migrants.
Changes in population size can influence detection probability (Tryjanowski & Sparks 2001) , and abundance may also respond to climate change (Sokolov et al. 2000) , so we characterised population trends for our study species. Few high-quality local-or regional-scale population trend data were available, so we used global measures of population status for most species (BirdLife International 2011). Global trend information was unavailable for purple-backed starling Agropsar sturninus, so we approximated status for this species based on Singapore trend data provided by Lim & Lim (2009) . In contrast to information from BirdLife International (2011), data from the Asian-Australasian flyway indicate that curlew sandpiper Calidris ferruginea is declining (Bamford et al. 2008) . The literature indicated that Japanese sparrowhawk, arctic warbler, yellow-rumped flycatcher Fidecula zanthopygia and purple-backed starling are stable, and curlew sandpiper, ruddy turnstone Arenaria interpres, common sandpiper, tiger shrike and Siberian blue robin are declining. None of the study species is considered by the IUCN to be threatened (BirdLife International 2011) .
The large range of latitudes where our study species breed (ca. 25−80°N) made it unfeasible to include local temperature as a predictor of arrival date. Instead, we opted to use the Southern Oscillation Index (SOI; Bureau of Meteorology 2011) as a measure of El Niño-related changes in regional climate. El Niño/Southern Oscillation has been shown to have profound effects on climate in the AsiaPacific region (e.g. Wang et al. 2001 ) and has correlated with changes in avian migration timing in other studies (Lehikoinen & Sparks 2010 ).
Gaussian general linear models were used to compare the importance of year, SOI and observer effort on arrival date using a maximum-likelihood, multi-model inference framework, implemented in R v2.14.1 (Burnham & Anderson 2002 , R Development Core Team 2012 . Arrival date (day of year) was the response variable in our analyses. We ran separate analyses for each species. For the species with 14 years of arrival dates, we used all additive combinations of predictor variables. In species with 13 years of arrival dates, we did not include the global model (Arrival Date ≈ Year + Observer Effort + SOI) to avoid over-fitting (Burnham & Anderson 2002) , because this model's number of parameters (5) is greater than 30% of the sample size. Constrained sample sizes did not permit testing the effects of population trend. We tested for correlations among predictors with a Spearman correlation matrix and found that all variables had Spearman coefficients < 0.55. We checked diagnostic plots of the re lationship between the fitted values and residuals, the quantiles in the data against theoretical normal quantiles and the relationship between leverage and standardised residuals to evaluate whether the models met the assumptions of Gaussian regression (Crawley 2007) . Bootstrapping (10 000 samples with replacement) was used to generate confidence intervals around slope estimates for the Arrival Date:Year relationship in all species (Crawley 2007). For species with evidence for changed arrival date over time, we calculated model-averaged coefficients of the Arrival Date:Year relationship based on the corrected Akaike's information criterion weights (wAIC c ). We used Burnham & An derson's (2002, p. 152 ) first model averaging method where the coefficient (Year) is averaged only over models in which it appears, after weights have been rescaled to sum to unity.
RESULTS
Two species, Japanese sparrowhawk and curlew sandpiper, showed a delayed arrival date during the study period (Tables 1 & 2 (1.1−2.9, 95% confidence interval) for the sparrow - Fig. 1 . Observer effort during the study, measured by the proportion of 36 bird species for which a reliable arrival date was available that year. The 36 species are migratory birds that we considered in the initial pool of possible species for the current study. We used the larger pool of species to evaluate observer effort, but used the 9 species with the longest time series for the final arrival date analysis. In years of lower observer effort fewer species were observed during migration, but all 36 species were observed annually hawk, and a delay of 1.8 d yr −1 (0.9−2.5) for the sandpiper. The model-averaged estimate for the Year coefficient was 1.9 d yr −1 for both species. By contrast, the other species showed no change in arrival date over time (Tables 1 & 2 ). The null model was top-ranked in all of these species except for Siberian blue robin, where Observer Effort was the top model. SOI as a single variable was not a statistically supported predictor of arrival date for any of the study species. Despite the even split of species (5 stable, including Japanese sparrowhawk, and 4 de clining, including curlew sandpiper), there was no clear pattern of changed arrival date based on population trend. Model diagnostics showed that the data met the necessary assumptions for Gaussian-identity link models. 
DISCUSSION
Our results indicate that 2 long-distance migrants, Japanese sparrowhawk and curlew sandpiper, have delayed autumn arrival in Singapore. We hypothesise that these changes are related to warming temperatures because the region has warmed considerably during the study period (Solomon et al. 2007) , the study species are common generalists that should not be strongly affected by habitat loss in Singapore, and we tested for the effects of changing observer effort. Nonetheless, our findings should be interpreted with caution because first arrival date studies do not give information on population-wide changes, and can show stronger (although often concordant) trends compared to full arrival distribution studies (e.g. Mills 2005 , Rubolini et al. 2007 , Thorup et al. 2007 ). This pattern of stranger trends in first-arrivaldate studies could explain why the slopes of our Arrival Date:Year relationship are larger than slopes reported in most migration phenology studies (Lehikoinen & Sparks 2010 ). In addition, it is possible that the delay observed in curlew sandpiper arrival could be partially explained by reduced detectability resulting from its declining population (Tryjanowski & Sparks 2001) . Nonetheless, we find this explanation unlikely because the species is still recorded in large numbers; for example, at least 200 individuals were recorded annually in a single wetland, Sungei Buloh, in re cent years (Gan et al. 2012) .
In general, the arrival delays we observed agree with studies showing delayed autumn passage of longdistance migrants (Anthes 2004 , Adamík & Pietruszkova 2008 , Kovács et al. 2011 , 2012 , Smith & Paton 2011 , but as described in the 'Introduction', there is much variation among species and sites (Cotton 2003 , Jenni & Kéry 2003 , Péron et al. 2007 , Sparks et al. 2007 , Van Buskirk et al. 2009 ). Interestingly, Beaumont et al. (2006) found advances in winter arrival for some long-distance species in Australia, including curlew sandpiper, which showed a strong delay in our study. A substantial proportion of the East Asian population of curlew sandpiper winters in southern Australia (Bamford et al. 2008) . It is unclear whether we studied the same populations of this species, but these apparently contradictory results could reflect changes in the rate of migration between sampling sites (sensu Stutchbury et al. 2011 , Stanley et al. 2012 . ; ranked by slope). Confidence intervals (CI) are based on the percentiles of 10 000 bootstrapped resamples. Bold: evidence for change in arrival date over time (year model top-ranked). *Slope CI does not include 0 Fig. 2 . Accipiter gularis and Calidris ferruginea. Change in arrival date anomaly over time for (A) Japanese sparrowhawk and (B) curlew sandpiper in Singapore. The 95% confidence intervals are from the percentiles of 10 000 bootstrapped resamples
The arrival delays in long-distance migrants could be related to warming temperatures enabling species to remain in northern breeding or passage areas later in the year (Anthes 2004 , Lehikoinen et al. 2004 . While the possible mechanism for this pattern is unknown, warmer temperatures could lengthen the growing season when terrestrial or marine prey would be active, or decrease the energetic cost of birds remaining in northern latitudes (Zwarts 1990 , Bradshaw & Holzapfel 2006 . Japanese sparrowhawk has a markedly different diet, habitat preference and migration strategy compared to curlew sandpiper (e.g. Accipiter migration is not confined to the coast, and waders tend to migrate at night ; Richardson 1979) , which suggests that different mechanisms could underlie the delays we observed. It is unclear why the other species in our study did not change their migration timing, but this lack of response is consistent with the mixed results (including no changes) shown in autumn departure and passage studies (Mills 2005 , Thorup et al. 2007 , Van Buskirk et al. 2009 ).
Changes in arrival timing have conservation implications for species, and potentially, ecosystems. Delayed arrival on the wintering grounds may affect territory acquisition, which can be related to arrival timing on the breeding grounds and, eventually, fitness (Marra et al. 1998 ). Furthermore, mis-timing can result when species change their phenology at different rates. For example, populations of pied flycatcher Ficedula hypoleuca that arrive after the peak emergence of their primary food source are prone to decline (Both et al. 2006) . Wader prey abundance can also be related to temperature (Zwarts 1990) , which could cause similar mistiming.
In conclusion, we conducted the first analysis of changes in avian migratory phenology in the tropics. We found evidence for arrival delays in Japanese sparrowhawk and curlew sandpiper, but no changes in our other study species. During our study period the climate warmed across Asia (Solomon et al. 2007) , which suggests that the observed changes may be related to warming temperatures. The effects of changes in migration timing on migratory species' annual cycles emphasise the need for further analyses on climate change impacts on migratory species in the tropics. 
